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The deformation of soil skeleton and migration of pore ﬂuid are the major factors relevant to the trig-
gering of and damages by liquefaction. The inﬂuence of pore ﬂuid migration during earthquake has been
demonstrated from recent model experiments and ﬁeld case studies. Most of the current liquefaction
assessment models are based on testing of isotropic liqueﬁable materials. However the recent New
Zealand earthquake shows much severer damages than those predicted by existing models. A funda-
mental cause has been contributed to the embedded layers of low permeability silts. The existence of
these silt layers inhibits water migration under seismic loads, which accelerated liquefaction and caused
a much larger settlement than that predicted by existing theories. This study intends to understand the
process of moisture migration in the pore space of sand using discrete element method (DEM) simu-
lation. Simulations were conducted on consolidated undrained triaxial testing of sand where a cylinder
sample of sand was built and subjected to a constant conﬁning pressure and axial loading. The porosity
distribution was monitored during the axial loading process. The spatial distribution of porosity change
was determined, which had a direct relationship with the distribution of excess pore water pressure. The
non-uniform distribution of excess pore water pressure causes moisture migration. From this, the
migration of pore water during the loading process can be estimated. The results of DEM simulation
show a few important observations: (1) External forces are mainly carried and transmitted by the particle
chains of the soil sample; (2) Porosity distribution during loading is not uniform due to non-
homogeneous soil fabric (i.e. the initial particle arrangement and existence of particle chains); (3)
Excess pore water pressure develops differently at different loading stages. At the early stage of loading,
zones with a high initial porosity feature higher porosity changes under the inﬂuence of external loading,
which leads to a larger pore pressure variation (increase or decrease) in such zones. As the axial strain
increases, particle rearrangement occurs and ﬁnal porosity distribution has minor relationship with the
initial condition, and the pore pressure distribution becomes irregular. The differences in the pore
pressure development imply that water will migrate in the pore space in order to balance the pore water
pressure distribution. The results of this simulation offer an insight on the microscale water migration in
the soil pore space, which is important for holistic description of the triggering of soil liquefaction in light
of its microstructure.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Soil liquefaction, which leads to substantial losses of soil stiff-
ness and strength, can cause catastrophic damages to the super-
structures. Most of the current liquefaction assessment models are
based on the assumption of isotropic liqueﬁable materials.ock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.However, the recent New Zealand earthquake shows a much
severer damage than expected. Researches have also shown that
migration of water in sand is an important factor triggering soil
liquefaction (Dashti et al., 2010a, 2010b; Maharjan and Takahashi,
2013, 2014). The ground settlement is not proportional to the
thickness of liqueﬁable layers as predicted by existing models
(Dashti et al., 2010b).
Understanding soilewater interactions can provide a new
insight on the liquefaction mechanism, which has aroused signiﬁ-
cant interest in the research community. In static condition, water
migration in soil was found to behave non-linearly during experi-
ment (Wang et al., 2013a). For hydrophobic soil contaminated by
oil, there is a critical moisture content, beyond which it behaves as
hydrophilic soil (Quyum et al., 2002). Oscillating water pressure
Fig. 1. DEM model and particle size distribution curve.
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and Cui, 2004). For non-uniform sand, the pore pressure and the
skeleton strain raise rapidly in low permeability areas. Centrifuge
tests also indicate that the soil permeability plays an important role
in pore water pressure development during and after liquefaction
(Wang et al., 2013b). Models based on strain energy have been
proposed to describe the liquefaction process (Jafarian et al., 2012).
These researches show that moisture migration and soil particle
deformation determine the macroscopic mechanical responses of
sand.
Bray’s centrifuge test explicitly demonstrates the importance of
moisture migration in triggering sand liquefaction (Dashti et al.,
2010a). By installing an impermeable water barrier underneath a
model building to prevent water migration but allow shear defor-
mation, the settlement was reduced by over 25% compared with
the condition when moisture migration is allowed. This clearly
demonstrates the crucial role of moisture migration in soil lique-
faction. The discontinuous layered soil deposits can also inﬂuence
the pore water migration, for example, as observed in the experi-
ments conducted by Takahashi (Maharjan and Takahashi, 2013). In
the centrifuge model, the pore water was found to be trapped
beneath the low permeability silty sand, and it took a long period
for the excess pore water pressure to dissipate. This also leads to
non-uniform settlement of the upper structure.
The thermally induced water migration has been discussed
theoretically and veriﬁed with experiments (Liu et al., 2013). The
variation of pore pressure up to 40 kPa was observed in sand
sample during freezingethawing test (Zhang et al., 2014). For dy-
namic response, the coupled method, which considers both the
solid particles and ﬂuid ﬁeld, provides a good understanding of the
process of liquefaction (El Shamy and Abdelhamid, 2014). Re-
searches show that liquefaction can be explained by the reduction
in void space during shaking that leads to accumulation of pore
water pressure.
In this paper, discrete element method (DEM) was used to un-
derstand the mechanism of moisture migration during a static
consolidated undrained triaxial test. The pore pressure distribution
in the sand sample was estimated by monitoring the spatial vari-
ations of porosity during the loading process.2. A DEM model for consolidated undrained triaxial test
A computational model was built for consolidated undrained
shear test with a diameter of 50 mm and height of 100 mm. Table 1
shows the partial parameters and mechanical properties of sand.
The particle radii range from 1.5 mm to 2.5 mm with a uniform
distribution (Fig. 1). The conﬁning pressure is set to be 100 kPa.
Strain-controlled loading was assumed where the upper wall
moves downward with a constant velocity. The loading rate was
determined via a sensitivity study on the loading velocity. The re-
sults show that below a certain velocity value (i.e. 7.5 mm/s), the
mechanical responses are very much similar. Based on thisTable 1
Particle parameters and mechanical properties of sand.
Particle parameters
Normal stiffness,
Kn (N/m)
Shear stiffness,
Ks (N/m)
Friction
coefﬁcient
Average porosity
of sand sample
Particle
radius (mm)
1  107 1  107 0.4 0.35 1.5e2.5
Mechanical properties
Density (g/cm3) Cohesion (Pa) Internal friction angle ()
1.625 0 28.4observation, loading velocity of 7.5 mm/s was used in the simula-
tions, which corresponds to a strain rate of 7.5%/s.
The deformation of soil particles results from the effective stress
among particles. To describe the macro mechanical responses of
the sand sample under loading, the pore water pressure develop-
ment in this model was determined. The pore water pressure is
estimated by the change of volumetric strain among the sand
particles. The compressibility of watereair mixture can be calcu-
lated through the equation below (Fredlund, 1976; Fredlund and
Rahardjo, 1993):
Caw ¼ SCwBw þ ð1 S hSÞCaBa (1)
where Caw is the compressibility of airewater mixture (kPa1); S is
the degree of saturation; Cw is the compressibility of water, which
equals 4.58  107 kPa1; h is the solubility of air in water,
expressed as ratio of absorbed air volume to water volume; Bw and
Ba are pore-water and pore-air pressure coefﬁcients for isotropic
loading, both of which are assumed to be 1.0.
According to Henry’s Law, the air dissolved in water is propor-
tional to the air pressure. The solubility of air in water at 20 C
under a pressure of 202 kPa is 0.037. It is very difﬁcult to acquire a
fully saturated sample in the ﬁeld or laboratory conditions. Re-
searches show that the degree of saturation of saturated soil varies
from 85% to 95% in the ﬁeld and laboratory conditions
(Faybishenko, 1995; Fry et al., 1997; Holocher et al., 2002;
Sakaguchi et al., 2005). In this model, we assume the
quasi-saturated soil with a degree of saturation of 90%. This
corresponds to compressibility of airewater mixture of
6.58 104 kPa1. The pore water pressure uwas calculated during
each time step using Eq. (2). The conﬁning pressure, which is the
sum of effective stress and pore water pressure, is assumed to
maintain constant using the servo control.
u ¼ εv=Caw (2)
where εv is the volumetric strain of soil sample.
3. Simulation results
During loading, particles in the DEM model are subjected to the
effective stress, and the pore pressure distribution is calculated
from the porosity distribution. The coupling process is based on
two assumptions: (1) reaction forces on soil particles due to water
migration are negligible; and (2) watermigration completes in each
time step.
The simulated loading curves for the total stress and effective
stress are shown in Figs. 2 and 3, respectively. The effective stresses
are determined directly from the numerical model simulations. The
Fig. 2. Total stress curves during loading.
Fig. 4. Pore water pressure curve during loading. Negative value means traction.
Y. Guo, X.(Bill) Yu / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 171e177 173larger effective stress than total stress indicates the development of
a negative pore pressure.
The simulation results indicated that when the sample is sub-
jected to axial load (εa < 0.005), the volumetric strain decreases
slightly and then increases dramatically. This indicates that a shear
dilation occurs inmost time. The average porewater pressure of the
whole sample is plotted in Fig. 4. The increase of volumetric strain
leads to generation of negative pore pressure in the ﬂuid ﬁeld, and
therefore the effective stress on soil increases during the loading
process (Fig. 3).Fig. 5. Cumulative percentage curve of normal contact forces.4. Contact forces among particles
The normal and shear contact forces among particles are ob-
tained. Each contact consists of two types of contacting entities,
particleeparticle contact or particle-wall contact. Among the 3808
particles, a total of 8228 contacts are generated. These contacts
provide normal or shear forces if two particles have normal or
tangential relative motions.
The contact forces range from 0 N to 43 N when the axial strain
3a equals 17%. Despite of this large range in the magnitude of con-
tact force, the majority of contact forces are in the small ends. A
cumulative distribution curve for normal contact forces is plotted in
Fig. 5. It describes the distribution of the magnitude of normalFig. 3. Effective stress curves during loading. Fig. 6. Cumulative percentage curve of shear contact forces.
Fig. 7. Contact forces (normal and shear) among particles.
Fig. 9. Average contact forces vs. different particle sizes.
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contact forces are smaller than 8 N, and 95% of the normal contact
forces lie within 15 N. Large normal contact forces only occur
among a very small amount of particles.
The shear contact forces show a similar phenomenon (Fig. 6).
While the maximum shear contact force reaches 9 N, more than
95% of shear contact forces are smaller than 3 N.
The spatial distribution of contact forces is plotted in Fig. 7. It
shows that the contact forces are not uniformly distributed among
particles. The external forces are transmitted along granular chains
formed within the soil skeleton (Santamarina, 2001). Particles
within the granular chains tend to be subjected to larger forces.
Formation of granular chains depends largely on the particle
arrangement, particle size, initial condition, etc. The overall soil
deformation is mainly determined by the deformation of granularFig. 8. Particles with contact forces larger than 15 N.chains of the soil skeleton. For particles lying outside of the gran-
ular chains, the contact force and deformation are much smaller.
This non-uniform distribution of both contact force and deforma-
tion leads to a non-uniform development of volumetric strain.
Consequently, for saturated soil, pore water pressure will be quite
different at different locations when subjected to external loading.
As discussed in the previous context, although the maximum
contact force is 43 N, only 5% of particles are subjected to forces
larger than 15 N. These particles with normal contact forces larger
than 15 N are plotted in Fig. 8. It clearly shows the transfer of
external forces through the soil skeleton. Since the bottomwall is a
ﬁxed end, the load transferring routes at the bottom of sample are
obviously concentrated on a few spots.
Fig. 9 plots the average contact forces vs. particle sizes. It shows
that the average contact forces of larger particles tend to be larger
than that of smaller ones. As the radii vary from 1.5 mm to 2.5 mm,
the average contact forces increase by 140% from 4.5 N to 10.8 N. If
we normalize the contact forces by dividing by their corresponding
particle hemisphere areas, as shown in Fig. 10, particles with a
smaller radius are subjected to equal or even larger stress
compared with large particles. As a quick note, there are someFig. 10. Normalized stress vs. different particle sizes.
Fig. 11. Porosity distribution at different axial strains.
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Fig. 12. Pore water pressure distribution at different axial strains (unit: Pa).
Table 2
Fluid velocities based on Darcy’s Law.
Axial strain Pressure drop
(kPa/m)
Darcy ﬂux
(cm/s)
Fluid velocity
(cm/s)
0.02 28 1.4  102 3.9  102
0.04 31.6 1.6  102 4.5  102
0.06 23.4 1.2  102 3.1  102
0.08 44.2 2.3  102 6.1  102
0.1 27.3 1.4  102 3.4  102
0.12 55 2.8  102 7.4  102
0.14 68.7 3.5  102 8.4  102
0.16 21.7 1.1  102 2.7  102
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also cause the smaller average contact force. All these discussions
show that contact forces for small-sized particles are small but the
stress in the particles is not negligible.5. Pore pressure distribution
The porosity distribution during loading is determined from
computational simulations (Fig. 11). Before the loading begins, soil
sample is only subjected to conﬁning pressure. However, the
porosity distribution is quite non-uniform and varies from 0.33 to
0.37. When the axial strain increases, zones with high porosities
deform signiﬁcantly. These deformations cause large increases of
porosity in these areas. As the axial strain increases to 0.06, particle
rearrangement occurs and porosity distribution changes signiﬁ-
cantly. The ﬁnal porosity distribution has little relationship with
the initial condition.
The permeability of medium sand is relatively high and water
migration, even under a low pressure gradient, can be quite rapid.
Assuming that water migration completes at the end of each time
step, by calculating the change of volumetric strains at different
locations, we can determine the distribution of pore water pressure
at different times, as shown in Fig. 12. The black arrows represent
the main migrating routes of water.
The direction of water migration concurs well with the porosity
distribution. At the early stage, particle deformations are highly
related to the initial condition. As the zones with higher porosities
keep bulging, extra water ﬂows into these areas, as shown in
Fig. 12aec. However, under large strain conditions, particle rear-
rangement occurs and particles within soil chains produce much
larger deformations. Corresponding to the random distribution of
the particle chains, the routes of water migration also show
irregularity.
Using the Darcy’s Law, the migration velocity of ﬂuid during the
testing process can be estimated. The coefﬁcient of permeability for
clean sand is chosen as 5  103 cm/s (West, 1995). The pore
pressure and porosity can be determined directly from the model.
The maximum ﬂuid velocities at different axial strains are calcu-
lated and shown in Table 2.
In general, the velocity of ﬂow migration increases with strain
levels.6. Conclusions
Fluid migration has been identiﬁed as an important process
responsible for damages due to liquefaction. To understand the
process of moisture migration, a model for triaxial test has been
built using DEM to simulate the microscopic phenomena during
consolidated undrained shear test. The ﬂuid pressure was calcu-
lated by considering the change of volumetric strain during loading.
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mitted through soil skeletons inside the soil sample. Particles inside
the particle chains tend to have larger contact forces. Although the
maximum contact force can be as large as 43 N, 95% of the total par-
ticles are subjected to the forces smaller than 15 N. It also shows that
large particles typically have large contact forces. But stress in the
particles due to contact forces is generally higher in smaller particles.
The simulation model predicted uneven distribution of porosity
during loading conditions. This non-uniform distribution comes
from two sources: the initial anisotropic property of soil sample
from particle generation, and the randomly distributed soil skele-
tons. At low axial strain conditions (εa < 0.06), porosity increases
signiﬁcantly in zones with a large initial porosity. As the axial strain
further increases, particle rearrangement occurs and the porosity
distribution becomes random.
The simulation also indicates that under external loading, the
change of pore space leads to a redistribution of pore water pres-
sure. The direction of water migration is consistent with the vari-
ation of porosity. At the initial loading stage, water migrates into
areas with high porosity. As the axial strain further increases, the
direction of water migration becomes more randomly oriented.
Overall, the simulation provides insight on the migration of
water in the pore space, an important process determining the
responses of saturated soils under loading. The process of simula-
tion will be further extended to more complex loading conditions.Conﬂict of interest
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